ABSTRACT A printed omnidirectional dipole array antenna with a radiated load is proposed and analyzed, which is fed by a coplanar waveguide. Flying lines and via-holes are used to connect dipoles to achieve a balanced feed. Simulated results by CST microwave studio R indicate that the operating band is 4.6 to 4.9 GHz with its reflection coefficient less than −10 dB. The omnidirectional gain in this band is higher than 4.23 dB and the antenna size is only 103.4mm × 12.6mm × 1.5mm. As a result, its gain per wavelength can reach a high value of 3.1 dB/λ at 4.7 GHz, which is conducive to antenna miniaturization and batch production. In order to effectively decrease the outer surface current on the coaxial feeder outer conductor, a printed choke is introduced, so that the antenna performance would not be affected by an even longer coaxial line. The bandwidth and gain are improved achieving 4.63-5.45GHz and 5.8dB, respectively. There is a broad application of the designed antenna for it not only can be used independently, but also can be integrated on the printed circuit board.
I. INTRODUCTION
An omnidirectional antenna is a kind of antenna with omnidirectional radiation patterns in the horizontal plane. Its radiation pattern in the horizontal plane is circular and the main lobe of the radiation pattern in the vertical plane is usually ''∞'' shaped. The dramatically booming development of modern communication technology demands that the omnidirectional antennas obtain a relatively higher omnidirectional gain (generally higher than 4dB), broader bandwidth and smaller size. Traditional coaxial collinear antennas (COCO Antennas) are resonantly structured; therefore, they have a narrow bandwidth and comparatively bigger size, which limit their application scope. In light of this, researchers have proposed a series of omnidirectional antennas such as: (1) the printed omnidirectional antennas in [1] - [4] in order to facilitate their integration in communication circuits, which have small size because of the application of printed dielectric substrate; (2) the multiunit omnidirectional antennas in [5] - [8] to achieve a high gain, which have a relatively high gain, but also a large size; (3) the omnidirectional antennas in [9] - [11] with matching load to achieve a broad bandwidth, however, this may decrease the radiation efficiency of the antenna; (4) the array consisting of resonant radiating elements that provides omnidirectional high gain radiation property in [12] - [14] . Whereas, because of the narrow band characteristics of the elements, the relative bandwidths are all below 5%. Reducing coupling among array elements for a higher gain causes a correspondingly too long element spacing, and ultimately leads to a decreased gain contribution for a unit of wavelength [12] , [14] .
To achieve both a high omnidirectional gain and a relatively broader bandwidth, a novel printed coupling-fed omnidirectional dipole array antenna is proposed in this paper, which introduces a radiated load to make up for the defects of low radiated efficiency and narrow bandwidth. The omnidirectional antenna gain is increased by a special design of dipole structure. The antenna can suitably work at C band. To expand its application, the antenna is fed by a long coaxial line. In order to prevent the current on the printed antenna from being coupled to the surface of the coaxial line outer conductor, a printed choke is designed to reduce the radiation and improve the impedance bandwidth effectively.
The rest of the paper is organized as follows. The structure of the antenna is given in Section II. In Section III, simulated results of the antenna are provided to explain its radiation characteristics. Section IV introduces the antenna's measured results to prove the correctness of the simulated results. In Section V, the proposed antenna is compared with those in other papers and the concept of the gain per wavelength is introduced to underscore the smart miniaturization effect of the antenna. In section VI, the influence on the antenna radiation and impedance characteristics of the coaxial line is described specially and the elimination method is also presented. Finally, the conclusions of the paper are drawn in Section VII.
II. ANTENNA STRUCTURE
The proposed antenna is printed on the double sides of a dielectric substrate with the relative permittivity ε r = 4.4 and thickness D 1 = 1mm as shown in Figure 1 , which illustrates the position relation between the printed metal on the front and back side. The metal on the front is composed of three parts and the antenna is CPW-fed at the bottom as shown in Figure 1(a) . Furthermore, the left and right side are linked by two flying lines connecting the grounds through via-holes in both sides of CPW central feeding line in Figure 1(b) . The terminal of the antenna in Part III of Figure 1(a) , is a special monopole, and a lossless radiant load. The values of structural parameters are:
The antenna can be divided into four radiant parts here (the top part in Part I, the top part in Part II, a linking groove and Part III). Two flying lines are added on the top and bottom parts of Part II. Part II only contains a piece of metal.
III. SIMULATIONS AND ANALYSIS

A. ANALYSIS OF EFFECTS FROM THE ADDED IMPEDANCE TUNER
Simulated results of the proposed antenna by CST Microwave Studio R are shown in Figure 2 . The results in Figure 2 (a) indicate that the operating bandwidth of the proposed antenna (the blue line in Figure 2(a) ) is 4.6 to 4.9GHz with its reflection coefficient less than -10dB. The bandwidth is obtained under the condition that the port impedance is 70.2 . It must be pointed out that an extra metal stripe, i.e. an impedance tuner, is added to the feeding port at the bottom of the antenna as displayed in Figure 2(b) , which plays an important role in diminishing the input impedance. To meet the requirement of excellent omni-directional radiation, the CPW feeding line of the antenna is designed to be relatively slim. Nevertheless, this design will lead to an increase of input impedance, with which the antenna cannot suitably match a 50 SMA feeding joint. In such a situation, the problem gets solved by adding the impedance tuner, and the input impedance decreases from 118 to 70.2 afterwards as shown in Figure 2 (c). The comparison in Figure 2 (a) indicates the impedance bandwidth obtains broadened (from 4.8 to 5GHz with relative bandwidth of 4.1%, to 4.6 to 4.9GHz with 6.3%) after adding the impedance tuner, which reveals that the antenna matches the 50 SMA feeding joint more easily. 
B. ANALYSIS OF EFFECTS FROM THE ADDED IMPEDANCE TUNER 1) EFFECTS ON SURFACE CURRENTS FROM FLYING LINES AND VIA-HOLES
It provides the comparison of surface currents distribution at 4.7GHz between on the proposed antenna and on the antenna without flying lines or via-holes in Figure 3 . The results indicate that the surface currents distribution on the metal elements in Part II of the antenna is more uniform and the amplitude of the currents on more area approaches to the maximum value (this in Figure 3 means more area is redder in Figure 3 (a) than in Figure 3 (b)). Considering that the proposed antenna is composed of many array units; this is beneficial to increasing the degree of uniform distribution of the currents on every array unit, decreasing the out-ofroundness of the antenna in horizontal plane and increasing the proposed antenna's omnidirectional gain.
2) EFFECTS ON SURFACE CURRENTS FROM FLYING LINES AND VIA@HYPHENHOLES
Surface currents of the proposed antenna are simulated at 4.7GHz, a typical operating frequency. The simulated results are shown in Figure 4 , which indicate that the currents available to produce radiation are i 1 to i 8 . Other surface currents in Figure 4 are usually on or near the transmission line, therefore, their energy is limited in CPW and thus they cannot produce radiation. Figure 5 and Figure 6 present the simulated results of i 1 to i 8 's amplitude and phase.
Results in Figure 5 and Figure 6 indicate that i 1 to i 8 are standing-wave currents. They form four bigger standingwave currents I A to I D in Figure 7 that finally form an array to achieve radiation, of which mechanism can be used to well explain the radiation characteristics of the proposed antenna. equal amplitude, and I C and I D are also same-phased and of equal amplitude. The phase of I A and I C is nearly the same, thus they can form broadside array 1; and out of the same reason, I B and I D can form broadside array 2. Table 1 lists the amplitudes and phases of I A to I D , namely the units of the two broadside arrays. On one hand, broadside array 1 and broadside array 2 separately produces the omnidirectional radiation in the x-z plane. On the other hand, broadside array 1 and broadside array 2 are close to each other (d x = 7.6mm= 0.12λ, where λ is the wavelength at 4.7GHz), which can also help produce omnidirectional radiation in the x-z plane. As a result, the whole antenna can achieve an omnidirectional radiation in the x-z plane. What's more, because of the effects of broadside arrays, the antenna's omnidirectional gain is relatively high.
The directivity function of the broadside arrays in the E-plane and H -plane formed by I A to I D can be obtained from Table I . 
E-plane (x-y plane):
H -plane (x-z plane):
where k--the wave number. d x --the distance between the center of I A and I B . d y --the distance between the center of I A and I C . δ--the angel between the viewing direction and x-axis.
Simulated results of antenna radiation patterns including the gain are shown in Figure 8 . Figure 9 provides the comparison of the normalized radiation patterns at 4.7GHz of the proposed antenna between simulated results and calculated results by Formula (1) and (2) . The results in Figure 9 indicate that the proposed antenna achieves omnidirectional radiation in the x-z plane, of which out-ofroundness is less than 2dB and maximum gain is 5.2dB. Besides, the simulated results well match the calculated ones, which proves the correctness of the analysis in this section. 
IV. EXPERIMENTAL RESULTS
According to the simulated results, an antenna prototype has been manufactured as shown in Figure 10 , and measured in an anechoic chamber employing Agilent E8363B Vector Network Analyzer. The experimental results are shown in Figure 11 and Figure 12 . The operating bandwidth of the proposed antenna is 4.6 to 4.9GHz (relative bandwidth 6.3%) from simulated results and 4.63 to 4.93GHz from measured results. The experimental results almost match the simulated results, which testifies the correctness of simulated results.
For printed antennas, the difference between the experimental and simulated result is mainly caused by the factors as follows:
(1) The substrate consumption and dispersion. Both might affect the measured results of |S 11 | and antenna gain, which would probably lead to an operating band offset, and cause a decrease in antenna gain and reflection coefficient.
(2) The substrate inhomogeneity and discreteness. The inhomogeneity of relative permittivity and loss discreteness might arouse a lobe deviation, which primarily affects the E-plane pattern and has little impact on the H -plane pattern.
(3) The discreteness of SMA connector welding. This is a human factor which cannot be considered in the simulation. The actual SMA connector is linked to the CPW feeding port VOLUME 5, 2017 by manual welding, therefore, the discreteness might cause a reflection in some frequency bands, which would impact the results of |S 11 | and radiation patterns.
Both the simulated and measured results of antenna gain are displayed in Table II . It can be seen clearly that the measured results are relatively bigger than simulated ones but perform little differences.
V. ANTENNA CHARACTERISTICS
The proposed antenna applies the radiated load to achieve a high gain. Dipoles with a symmetric structure help achieve a good radiation omnidirectivity. Such simple structure as flying lines and via-holes are used to obtain coupling-fed effect. Table III presents the comparison between the proposed antenna and ones in other papers, which demonstrates that the gain per wavelength of the proposed antenna is the highest among all antennas. This brings great benefits to antenna miniaturization and batch production. One of the reasons for the above advantages is that the radiated load itself contributes to the antenna radiation and the polarization of electromagnetic wave is the same with other radiated units of the proposed antenna, which helps increase the radiation efficiency of the antenna and its gain. The other reason is that the relative permittivity of the applied dielectric substrate is relatively high, which helps decrease the wavelength of transmitted waves in waveguide and benefits to decreasing the antenna size.
The gain per wavelength can be obtained by
where, G is the antenna's gain (in dB) at the frequency f , L is the antenna's length, and λis the wavelength corres-ponding with f. What needs to be particularly indicated is the result of this paper is based on [15] presented by the author team. Though the bandwidth and gain of the antenna in [15] perform well, the transverse dimension is too large to compare with the antenna proposed here, which is at a disadvantage in miniaturization. The antenna loading in this paper substitutes the metal groove for stripe with a larger size, which has acquired a transverse reduction of 57.7% and almost the same gain despite a bandwidth sacrifice. Furthermore, the analysis of surface current radiation is more detailed than the antenna in [15] . The surface currents are equivalent to the linear array in [15] , while the radiation model of a 2 × 2 equivalent current surface array is finally presented in this paper. From the comparison of the calculation results, the calculated result of array side lobe agrees with the simulated one better in this paper which adopts the equivalent model, while there is no side lobe in the calculated result either in [15] .
VI. INFLUENCES AND SOLUTIONS OF COAXIAL LINE
The printed antenna has some obvious advantages such as low profile, light weight and easy integration. In practical application, however, the coaxial feeder is generally employed except direct integration into the circuit board, the influence on the antenna of the coaxial line must be taken into consideration.
A. INFLUENCE AND ANALYSIS OF COAXIAL LINE
The designed antenna model simulated to be fed by the coaxial line is shown in Figure 13 , with the characteristic impedance 50 , inner conductor diameter 1.27 mm, outer conductor diameter 4.375 mm, and external diameter 5.375 mm. The material filled between the inner and outside conductor is polytetrafluoroethylene with the relative dielectric permittivity ε r = 2.2. The length of the coaxial line is 45 mm, on the equivalent of that the center frequency of the designed antenna corresponds to 0.72 times the work wavelength.
The reflection coefficient and gain pattern can be obtained by modeling and simulating in CST Microwave Studio R . Compared with the results without coaxial line (shown in Figure 1 ), the frequency band shifts to left (displayed in Figure 14) , and the gain pattern appears a significant difference, especially at 4.8GHz. It can be clearly seen that the antenna pattern deteriorates remarkably which emerges a greater radiation at the bottom of antenna, through the comparison between Figure 15 (a) (without coaxial line) and Figure 15 (b) (fed by coaxial line). According to the simulation of the surface current of the antenna together with the coaxial line, it is found that the current on the line outer conductor presents significant (as shown in Figure 16 ), which mainly flows along y direction. Obviously, this is consistent with the direction causing the antenna radiation, which results in the changes of antenna impedance and pattern as follows: on one hand, the antenna resonance length is consequently increased which leads to a resonance frequency shift to lower frequency; on the other hand, the radiation filed polarization direction generated by the feeder surface current direction is in conformity with that generated by the antenna itself, which affects the radiation pattern whose determinant is the current phase. 
B. SOLUTIONS AND RESULTS
To eliminate the influence of the coupling current from the outer surface of the coaxial line outer conductor, a printed choke is introduced between the line and the original antenna radiation part, in the case of keeping the antenna structure and dimension unchanged. Through the simulation, the corresponding frequency point (0.3GHz) to the maximum coupling current is obtained, and a printed choke is designed according to this point which can be integrated with the antenna. As shown in Figure 17 , the middle conductor of the choke circuit is connected with the CPW feeder middle line of the original antenna, and the outer conductor is linked with two CPW ground branches. The initial size of the choke is set as
where, ε e is the effective permittivity, which is produced by the impact of CPW transmission line boundary conditions on the relative permittivity of the dielectric slab, which can be calculated according to [16] . The final optimized simulation results proves l = 7.05mm, which differs 2.46mm from the calculation results, equivalent of 25.87% of error. The simulation result of the surface current after introducing the choke circuit is displayed in Figure 18 , which shows a significant decrease of current density of the coaxial line outer conductor. By comparing the simulation result of antenna with and without the choke, it can be concluded that both impedance and radiation characteristics have improved noticeably, even better than the original antenna. As shown in Figure 19 , the absolute bandwidth (0.56GHz) has been broadened in comparison with 0.3GHz before the coaxial line is fed, whereas the initial operation frequency remains almost unchanged. Compared Figure 20(a) with (b) , the maximum value of the coaxial line fed antenna gain with introduced choke sleeve circuit has improved 1.27dB at 4.8GHz. 
C. EXPERIMENTS
The antenna prototype as shown in Figure 21 has been manufactured and measured in an echoic chamber, including the reflection coefficient and gain pattern. The comparison between the measured and simulated results are displayed in Figure 22(a) and (b) , and the results show good consistence with each other, which has proved the correctness of the simulation analysis. The experiments results indicate the bandwidth and the maximum gain of the antenna with the choke is 4.63-5.45GHz (-10dB) and 5.8dB at 4.8GHz, increasing 173% and 0.8dB respectively compared with the antenna without the choke.
The printed antenna feed radiation problem caused by introduced coaxial line is solved, the influence of the feeder line surface current is eliminated by loading the choke sleeve circuit, the antenna operation band is broadened and the gain maximum value is increased, which provide an extensive application prospect for the printed antenna.
Compared with [15] , the main contributions of this article are as follows: VOLUME 5, 2017 (1) The transverse dimension of the antenna is diminished to 40% of [15] , which would make a considerable reduction in the wind load for the antenna on the aircrafts.
(2) A relatively long coaxial line is presented and a printed choke is creatively introduced to decrease the coupled current on the outer surface of the coaxial line, which can also change the input impedance of the antenna. Therefore, the impedance improved significantly, by 173%, very close to [15] .
(3) The long coaxial line is introduced as feed and the influence of the antenna radiation characteristics from the coaxial line, which could effectively cut down the impact of the radiation pattern from the aircraft surface, and make the antenna possess a stable pattern.
VII. CONCLUSION
A novel coupling-fed printed dipole array antenna with highgain, relatively broad band and omnidirectivity is proposed and analyzed. The proposed antenna can be considered being composed of coupling-fed printed half-wave dipoles (Part I and Part II) and a monopole antenna (Part III). Simulated and measured results indicate that the proposed antenna can work at C band from 4.6 to 4.9GHz with the relative bandwidth of 6.3%. The bandwidth of the antenna with the introduced choke reaches 16.3%. The measured results well match the simulated ones, which indicate that the out-of-roundness in the H-plane in operating bandwidth is less than 2dB, and the maximum radiation gain is more than 5dB. The equivalent model of standing-wave arrays is introduced to calculate and well explains the antenna radiation characteristics. The gain per wavelength of the proposed antenna achieves 3.1dB/λ. In conclusion, a balance among broad bandwidth, high gain and small size is achieved in the proposed antenna which can successfully obtain an omnidirectional coverage in point-tomultipoint communication. 
